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The endoplasmic reticulum (ER) is an organelle asso-
ciated with lipid metabolism. However, the involve-
ment of theER in nutritional status-dependent energy
homeostasis is largely unknown. We demonstrate
that IRE-1, an ER protein known to be involved in
the unfolded protein response, and HSP-4, an ER
chaperone, regulate expression of the novel fasting-
induced lipases FIL-1 and FIL-2, which induce fat
granule hydrolysis upon fasting in C. elegans. RNAi
and ectopic expression experiments demonstrated
that FIL-1 and FIL-2 are both necessary and sufficient
for fasting-induced fat granule breakdown. Failure of
ire-1 and hsp-4mutant animals to hydrolyze fat gran-
ules during starvation impaired their motility, which
was rescued by glucose supplementation, impli-
cating the importance of ire-1/hsp-4-dependent
lipolysis for energy supply from stored fat during fast-
ing. These data suggest that the ER-resident proteins
IRE-1 and HSP-4 are key nutritional sensors that
modulate expression of inducible lipases to maintain
whole-body energy homeostasis in C. elegans.
INTRODUCTION
The endoplasmic reticulum (ER) is a specialized organelle
involved in the production and storage of glycogen, lipids, and
other macromolecules, in addition to protein processing. The
unfolded protein response (UPR) is a well-characterized
response in the ER that results from various cellular changes.
Accumulation of misfolded or unfolded proteins due to impair-
ment of the cell’s capacity to handle appropriate protein folding
or due to a stressful environment triggers the UPR to minimize
the burden on the ER (Ron and Walter, 2007). During the
UPR, three major regulators—inositol-requiring transmembrane
kinase and endonuclease 1 (IRE 1), protein kinase-like ER kinase
(PERK), and activating transcription factor 6 (ATF6)—are acti-
vated to regulate the induction of ER chaperones, ER-associated
protein degradation (ERAD) components, and translational
attenuation (Kaufman, 1999; Mori et al., 2000; Patil and Walter,
2001). These regulators associate with BiP, a chaperone, on
the ER membrane in the absence of ER stress, and they rapidly
undergo activation processes by dissociating from BiP, which440 Cell Metabolism 9, 440–448, May 6, 2009 ª2009 Elsevier Inc.preferentially binds to misfolded proteins in the presence of ER
stress (Calfon et al., 2002; Tirasophon et al., 1998; Wang et al.,
1998). Interestingly, recent studies have suggested that one of
the UPR regulators, IRE1, is associated with other functions.
IRE1 targets a broad range of mRNAs for degradation, including
those encoding membrane and secreted proteins (Hollien and
Weissman, 2006). IRE1 is activated by high glucose exposure
to regulate its target genes and to coordinate insulin biosynthesis
in pancreatic b cells without dissociation from BiP (Lipson et al.,
2006). Therefore, it is likely that determining the full spectrum of
IRE1 mechanisms of action under various physiological condi-
tions requires further exploration.
Accumulating evidence suggests that the ER is crucial for lipid
metabolism (Gregor and Hotamisligil, 2007; Ron and Walter,
2007). For instance, mice fed a high-fat diet displayed increased
ER stress in liver and fat tissues (Ozcan et al., 2004), indicating
that the ER may be a key organelle in mediating metabolic
changes induced by such a diet. In addition, cellular lipid drop-
lets move dynamically through the cytoplasm and interact with
the ER (Miyanari et al., 2007). Very recently, it has been reported
that XBP-1, a key transcriptional regulator of IRE-1-mediated
UPR, plays a key role in hepatic lipogenesis (Lee et al., 2008).
These results suggest that ER-resident proteins are involved in
regulating fat metabolism. However, the manner in which the
ER is involved in lipid homeostasis in response to nutritional
changes is largely unknown.
Caenorhabditis elegans (C. elegans) has been recognized as
an excellent genetic model for investigating whole-body energy
homeostasis, including lipid metabolism (McKay et al., 2003).
While mammals have dedicated adipocytes for fat storage,
C. elegans does not have exclusive tissues or cells for that
purpose. Instead, C. elegans stores fat in the form of lipid
droplet-like structures in intestinal and epidermal cells. Because
C. elegans has a transparent body, these fat granules can be
visualized directly by staining with Sudan black or Nile red
dyes (McKay et al., 2003; Van Gilst et al., 2005b). These dyes
have greatly facilitated the genetic analysis of lipid regulation
by allowing for easy visualization of fat granules in living worms.
Making use of these advantages, a genome-wide approach has
successfully revealed core regulatory networks for uptake,
transport, storage, and utilization of lipid in C. elegans (Ashrafi
et al., 2003). However, studies using C. elegans and other model
organisms have failed to reveal an explicit linkage between the
ER and nutritional status-dependent lipid metabolism.
The goal of this study was to investigate whether the ER and its
associated proteins regulate lipid metabolism upon nutritional
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pathway genes and fat metabolism genes are conserved in
C. elegans (Harding et al., 1999; Liu et al., 2000; Sood et al.,
2000; Van Gilst et al., 2005b), it is conceivable that the functions
of the ER in regulating fundamental aspects of cell physiology,
such as fat metabolism, is evolutionarily conserved. The results
indicate that IRE-1 and HSP-4, the nematode IRE1 and BiP
homologs, respectively, recognize nutritional changes and stim-
ulate the expression of the inducible lipases FIL-1 and FIL-2 to
coordinate energy needs for motility in C. elegans.
RESULTS
C. elegans ire-1 Mediates Fat Granule Breakdown
upon Fasting
Like mammals, C. elegans actively consumes stored fat granules
during starvation (McKay et al., 2003; Van Gilst et al., 2005b). In
the present study, it was consistently observed that short-term
food depletion (within 24 hr) greatly decreased the number of
intestinal fat granules in synchronized L4 animals (Figure 1A).
To further determine whether ER proteins, particularly those
associated with the UPR, are involved in fat granule mobilization,
the effects of knockdown of ire-1, atf-6, andpek-1, three key UPR
sensing components (Shen et al., 2001; Harding et al., 1999), on
fasting-dependent fat granule breakdown were examined. The
efficiency of each RNAi was examined using quantitative poly-
merase chain reaction (Q-PCR) (Figure S1). Fasted wild-type
(WT) worms fed with control RNAi bacteria utilized their stored
fat granules during starvation. However, the quantity of fat gran-
ules was not reduced in starving worms treated with ire-1 RNAi
(Figure 1B). While the level of total triglycerides (TGs) was
reduced by 50% in WT animals, it was reduced by only
10% in ire-1 knockdown animals under the same conditions
(Figure 1C). In addition, the amount of free fatty acids and glycerol
was increased by fasting in WT animals, but not in ire-1 RNAi
animals (Figure 1C). Unlike in WT animals, both the number and
size of the fat granules were largely unchanged in ire-1 knock-
down animals during fasting (Figure 1D). Moreover, animals
containing the ire-1(v33) mutation, which is a deletion mutation
Figure 1. C. elegans ire-1 Mediates Fat Granule Breakdown during
Short-Term Starvation
(A) Short-term starvation induces fat granule breakdown. Left panels show
worms constantly fed or fasted for 24 hr, respectively. Right panel shows
quantification of Nile red fluorescence. The scale bar represents 50 mm. The
asterisk represents statistical significance (p < 0.05).
(B) Time course phenotypic analysis of fasting-induced fat granule breakdown
after knockdown of UPR genes. The upper panels show intestinal fat content,
visualized using Nile red, during 12 hr of food depletion. Images were taken at
identical exposure times. The scale bar represents 50 mm. The lower panel
shows the relative intensity of Nile red staining determined using Openlab soft-
ware (Improvision, Inc.). Asterisks represent statistical significance (p < 0.01).
(C) Left: comparison of the amounts of TG in fed or 8 hr fasted WT and ire-1
RNAi animals. Asterisks represent statistical significance (p < 0.01). Middle
and right show relative amounts of free fatty acids (middle) and glycerol (right)
in fed or 8 hr fasted WT and ire-1 RNAi animals, respectively. Asterisks repre-
sent statistical significance (p < 0.05).
(D) Confocal images of fat granules after 8 hr of starvation. The number and
size of fat granules were dramatically decreased after 8 hr of starvation with
control RNAi (upper panels), whereas only minor changes were seen with
ire-1 RNAi (lower panels). The scale bar represents 15 mm.Cell Metabolism 9, 440–448, May 6, 2009 ª2009 Elsevier Inc. 441
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a similar level of stored fat granules, even after 12 hr of starvation
(Figure S2). In contrast, the quantity of fat granules decreased
during fasting in pek-1 and atf-6 knockdown animals (Figure 1B),
suggesting that fat granule breakdown upon fasting was depen-
dent on ire-1 but not atf-6 or pek-1.
hsp-4, but Not xbp-1, Is Essential for Fasting-Induced
Fat Granule Breakdown
In the ER, IRE-1 is controlled by an ER-resident molecular chap-
erone, BiP (Bertolotti et al., 2000; Kimata et al., 2004). Conse-
quently, the importance of HSP-4, a BiP homolog in C. elegans,
for ire-1-mediated regulation of fat granule hydrolysis upon
fasting was evaluated. Similar to ire-1 knockdown worms, both
hsp-4 RNAi animals and hsp-4(gk514) mutant animals blocked
fasting-induced fat granule breakdown (Figures 2A and 2B), sug-
gesting that hsp-4 has a function similar to ire-1 in the regulation
of fat metabolism upon fasting. Because XBP-1 is a well-known
downstream transcription factor of IRE-1 in the UPR, it was
further examined whether xbp-1 is required for fasting-depen-
dent lipid hydrolysis. As illustrated in Figure 2C, xbp-1 RNAi
did not attenuate the reduction of fat granules, unlike ire-1 and
hsp-4 RNAi. The effectiveness of xbp-1 RNAi was confirmed
by Q-PCR (Figure S1). Moreover, splicing of xbp-1 mRNA, which
is a typical outcome of the UPR, did not occur in the fasting
condition (Figure 2D). Taken together, these findings suggest
that IRE-1 and HSP-4, but not PEK-1 or ATF-6, are crucial ER
proteins for fasting-induced fat granule hydrolysis in C. elegans
and that this role is independent of XBP-1.
FIL-1 and FIL-2 Are ire-1- and hsp-4-Dependent
Fasting-Induced Lipases
Because xbp-1 was not involved in ire-1- and hsp-4-dependent
fasting-induced fat granule mobilization, it is conceivable that
ire-1 may act differently from its conventional UPR pathway. To
gain insight into how C. elegans ire-1 and hsp-4 regulate fat
granule hydrolysis, a genome-wide microarray analysis of WT
starved animals was performed. Most of the genes involved
in lipogenesis did not show a significant (more than 2-fold)
decrease in mRNA levels due to starvation, as assessed by
microarray and Q-PCR (Table S1 and Figure S3), with the excep-
tion of fat-7 (Van Gilst et al., 2005b). fat-7 is known to be redundant
with fat-5 and fat-6 for fat synthesis; thus, reduction of fat-7 alone
is unlikely to affect overall lipid content (Brock et al., 2006, 2007).
These results suggest that overall expression of lipogenic
genes was not significantly affected by short-term fasting in
C. elegans. Genes that are putatively involved in other types of
lipid metabolism were then selected for further verification by
quantitative real-time PCR (Ashrafi et al., 2003; Van Gilst et al.,
2005b) and showed at least a 2-fold change during starvation
(Table S2 and Figure S4). Interestingly, two genes that encoded
presumed TG hydrolases, T01C3.4 and K12B6.3 (named fil-1
and fil-2 for fasting-induced lipase-1 and -2, respectively),
increased their mRNA expression levels upon fasting in an ire-1-
dependent manner (Figure 3). Both the FIL-1 and FIL-2 proteins
belong to the same lipase category as mammalian adipose TG
lipase (ATGL) (Zimmermann et al., 2004), Drosophila Brummer
(Gronke et al., 2005), and yeasts TGL3 (Athenstaedt and Daum,
2003), TGL4 (Kurat et al., 2006), and TGL5 (Athenstaedt and442 Cell Metabolism 9, 440–448, May 6, 2009 ª2009 Elsevier Inc.Daum, 2005) (Figure 3A). Biochemical assay using bacterially
expressed recombinant FIL-1 proteins clearly showed that
FIL-1 exhibits lipase activity (Figure S5). The observation that fast-
ing-induced fil-1 and fil-2 upregulation was remarkably attenu-
ated by knockdown of ire-1 or hsp-4 (Figure 3B) indicates that
Figure 2. hsp-4, but Not xbp-1, Is Essential for Fasting-Induced Fat
Granule Breakdown during Starvation
(A) Time course phenotypic analysis of fasting-induced fat granule breakdown
after hsp-4 knockdown during 12 hr of starvation. All images were taken at
identical exposure settings. The lower panels represent relative Nile red inten-
sity. Asterisks indicate p < 0.01.
(B) Nile red staining of hsp-4(gk514) mutant animals after 8 hr of food with-
drawal. The left panels show microscopic images of Nile red fluorescence,
and the right panel shows quantified data determined using Openlab software.
(C) Time course phenotypic analysis of fasting-induced fat granule breakdown
after xbp-1 knockdown during 12 hr of starvation.
(D) Fasting did not induce splicing of xbp-1 mRNA. Conventional ER stress
evoked by tunicamycin, but not by fasting, induced splicing of xbp-1.
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induced fil-1 and fil-2 gene expression. In contrast, xbp-1 RNAi
did not affect fasting-induced fil-1 or fil-2 gene expression
(Figure 3C), again indicating that XBP-1 is not involved in fat
granule regulation viafil-1orfil-2under fasting conditions. In addi-
tion, fil-1 and fil-2 were induced in the fasted animals irrespective
of the presence of tunicamycin, a strong ER stress inducer
(Figure S6), suggesting that general ER stress does not interfere
with the induction of fil-1 and fil-2. Both FIL-1 and FIL-2 proteins
were induced mainly in the intestine by fasting (Figure 3D).
To determine which transcription regulators are involved in the
expression of fil-1 and fil-2 genes upon fasting, RNAi was per-
formed against the following genes: sbp-1, nhr-49, daf-16, crh-1,
cbp-1, skn-1, and lpd-2. These genes were selected based on
either their known roles in lipid metabolism or putative/potential
binding sites on the promoters of fil-1 and fil-2 genes. The results
Figure 3. fil-1 and fil-2 Encode Fasting-Induced
Lipases Whose Expressions Are Dependent on ire-1
and hsp-4
(A) A phylogenic tree with FIL-1 and FIL-2. FIL-1 and FIL-2 are
most similar to each other. C05D11.7 is another putative ATGL
homolog in C. elegans, but was not induced by starvation in
the present experiments (Table S2).
(B) Relative amounts of fil-1 and fil-2 mRNA after 6 hr of fasting
in ire-1 and hsp-4 RNAi worms. Quantitative real-time PCR
was performed three times independently. The asterisks
represent statistical significance (p < 0.05).
(C) Fasting-induced fil-1 and fil-2 expression was independent
of xbp-1. fil-1 and fil-2 were upregulated by fasting even in the
xbp-1 (RNAi) background.
(D) Expression patterns of FIL-1 and FIL-2 before and after
fasting. FIL-1 and FIL-2 were induced by fasting only in the
intestine. The inset in the lower right panel shows FIL-2 local-
ization at a lipid droplet-like structure. The scale bar repre-
sents 25 mm.
indicated that SBP-1 and CBP-1 were required for
induction of both the fil-1 and fil-2 genes upon fast-
ing, whereas suppression of the other candidate
genes (i.e., nhr-49, daf-16, crh-1, skn-1, and lpd-2)
did not attenuate fil-1 and fil-2 induction (Figure S7).
However, it is yet unclear whether SBP-1 and
CBP-1 directly regulate the transcription of the fil-1
and fil-2 genes and whether these two genes act
downstream of ire-1 and hsp-4 in fasting-induced
lipase gene activation.
FIL-1 andFIL-2AreNecessary andSufficient
for Fasting-Induced Fat Granule Breakdown
To determine whether fil-1 and fil-2 indeed act
in fasting-dependent fat granule breakdown, the
levels of stored fat granules in starved animals
treated with RNAi knockdown of either fil-1 or fil-2,
singly or both in combination, were investigated. As
illustrated in Figures 4A and S9, fasting-induced fat
granule breakdown was partially but substantially
prevented by suppressing either fil-1 or fil-2. More-
over, fat granule utilization was almost completely
blocked by suppressing both the fil-1 and fil-2
genes, suggesting that both fil-1 and fil-2 are required for fat
granule hydrolysis during fasting. It is of note that RNAi of fil-1
and/or fil-2 resulted in slightly excess accumulation of fat gran-
ules even in well-fed animals (Figure 4A), implying that they might
also have some function even under feeding conditions. To
further confirm that fil-1 and fil-2 are functional fasting-induced
lipases, fil-1 and fil-2 were overexpressed in the intestine under
the control of the act-5 promoter (MacQueen et al., 2005). Intes-
tine-specific overexpression of fil-1 or fil-2 lipase stimulated
constitutive hydrolysis of fat granules in WT worms even in the
presence of food (Figure 4B). Moreover, overexpression of fil-1
and fil-2 reduced the quantity of fat granules in the intestine of
the hsp-4(gk514) mutant and ire-1 (RNAi) animals (Figure 4B),
suggesting that the fil-1 and fil-2 genes act downstream of ire-1
and hsp-4 for fasting-induced fat granule hydrolysis. Therefore,
these results indicate that fil-1 and fil-2 indeed encode functionalCell Metabolism 9, 440–448, May 6, 2009 ª2009 Elsevier Inc. 443
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tions via ire-1 and hsp-4.
IRE-1/HSP-4-Dependent Lipolysis, Motility, and Survival
While Fasting
To determine whether fat granule hydrolysis regulated by ire-1
and hsp-4 is associated with whole-body energy homeostasis
in worms, the effects of fasting in WT, ire-1(v33), and hsp-4
(gk514) animals on their morphology, motility, and survival were
carefully investigated. When the worms were fed with bacteria,
the pumping rate in ire-1(v33) and hsp-4(gk514) animals was
only slightly decreased (not statistically significant) compared
to WT animals (data not shown). During starvation, WT animals
exhibited pale and clear intestines due to massive fat granule
breakdown, whereas ire-1(v33) and hsp-4(gk514) animals still
retained large quantities of fat granules in their intestines
(Figure S9). Moreover, ire-1(v33) and hsp-4(gk514) mutant
animals displayed substantial paralysis phenotypes upon starva-
tion, which appeared to be more severe in ire-1(v33) mutants
(data not shown). In terms of motility, WT animals did not exhibit
any defects during starvation, but both ire-1 and hsp-4 mutant
animals had significantly reduced motility (Figure 5A). Further-
more, ire-1 and hsp-4 mutant animals had lower survival rates
upon prolonged fasting (Figure 5B). These findings suggest that
fasting-induced lipid breakdown and utilization from stored fat
Figure 4. fil-1 and fil-2 Are Necessary and
Sufficient for Fat Granule Breakdown
(A) Confocal images of the fat granules in the fil-1
and/or fil-2 RNAi worms after 6 hr of fasting. Left
panels, fed state; right panels, fasted state.
(B) FIL-1 and FIL-2 expression under the control of
the act-5 promoter was sufficient to cause fat
granule breakdown in WT, the hsp-4(gk514)
mutant, and ire-1 (RNAi) animals. The left panels
show WT animals. The middle and right panels
show hsp-4(gk514) and ire-1 (RNAi) animals,
respectively. The lower panels in (A) and (B) are
the quantifications of the results. The numbers indi-
cate the percentage reduction in Nile red fluores-
cence after fasting. Scale bars represent 25 mm.
granules likely provides a sufficient
energy source for motility and survival in
WT animals. In contrast, ire-1(v33) and
hsp-4(gk514) mutant animals failed to
extract and/or utilize energy from their
stored fat granules, due to defective
stimulation of fasting-induced intestinal
lipases such as fil-1 and fil-2.
To determine whether starved WT
and ire-1 or hsp-4 mutant animals differ
in their abilities to generate energy for
motility from stored fat granules, oxygen
consumption rates, which are indicative
of mitochondrial activity for energy gener-
ation, were measured under both fed
and fasting conditions. Consistent with
a previous report (Bishop and Guarente,
2007), the oxygen consumption rate in
WT animals was increased by fasting (Figure 5C). In contrast,
oxygen consumption rates in ire-1 and hsp-4 mutant animals
were significantly decreased during fasting (Figure 5C), suggest-
ing that generation of energy for movement during starvation is
dependent on ire-1 and hsp-4. Compared to fasting condition,
WT, ire-1, and hsp-4 mutant animals showed similar oxygen
consumption rates under a feeding state (Figure 5C). These
results indicate that ire-1 and hsp-4 mutant animals were able
to generate energy to an extent similar to that of WT animals in
the fed state, presumably by using other energy sources, such
as carbohydrates.
Supplemental Glucose Rescues Energy Shortage
of Fasting ire-1 and hsp-4Mutants
To definitively determine whether ire-1 and hsp-4mutant animals
are defective in utilizing energy from stored fat granules, supple-
mentation by glucose, a different energy source, was investi-
gated to determine whether it would prevent decreased motility
in starved ire-1 and hsp-4 animals. In WT animals, glucose
supplementation did not significantly change motility under
feeding or fasting conditions (Figures 5D and 5E). However,
treatment with glucose for both ire-1(v33) and hsp-4(gk514)
mutants substantially relieved the animals from paralysis and
defects in motility (Figures 5D and 5E; Movies S1–S9). When
motility was tested in the presence of deoxyglucose, a nonusable444 Cell Metabolism 9, 440–448, May 6, 2009 ª2009 Elsevier Inc.
Cell Metabolism
Link between ER Proteins and Energy HomeostasisFigure 5. Role of IRE-1/HSP-4-Dependent Fat Granule Hydrolysis in Motility during Starvation
(A) Motility assay of worms determined by bending rates in liquid media.
(B) Survival rates of N2, ire-1(v33), and hsp-4(gk514) under long-term fasting conditions. The numbers of live animals were scored every 2 days.
(C) Oxygen consumption rate assays after food depletion. The graph shows calculated whole-body oxygen consumption rates of WT, ire-1(v33), and
hsp-4(gk514) animals before and after starvation for 8 hr. Asterisks represent p < 0.01.
(D) Quantification of the recovery of bending rates in the presence of 5 mM glucose in ire-1 and hsp-4 mutant animals. Asterisks represent statistical significance
at p < 0.05; double asterisks, p < 0.1.
(E) Rescue of fasting-induced movement defects of ire-1(v33) and hsp-4(gk514) mutants by the addition of 5 mM glucose to the medium. Panels show snapshots
of WT, ire-1, and hsp-4 worms that moved for 30 s under the following conditions: fed, fasted for 8 hr, and glucose supplemented after 8 hr of starvation. Asterisks
indicate the points where the worms were initially placed for the assay. The arrows at the bottom panels for hsp-4(gk514) animals indicate that the original sites of
the worm drops were out of the field of view.glucose analog, and sorbitol as a control for osmotic changes,
both ire-1 and hsp-4 mutants failed to recover their motility,
unlike when in the presence of glucose (Figure S10). Thus, these
data provide strong evidence that both mutants could effectively
obtain energy for movement from glucose but not from their
stored fat granules, probably due to defects in stimulating fast-
ing-induced lipases such as fil-1 and fil-2.
DISCUSSION
Extra energy is often stored in the form of fat, which provides an
efficient energy source upon nutritional depletion. Althoughdifferent regulatory mechanisms have evolved for fat storage
and utilization in each species, lipid mobilization by regulation
of certain lipases to break down fat granules upon starvation is
a common physiological response. It is conceivable that this
mechanism may be evolutionarily well conserved, because there
must have been substantial selection pressure for adaptation to
a poor nutritional environment throughout evolution. The mecha-
nism presented in this study, highlighting a link between ER-resi-
dent proteins and lipid metabolism upon nutritional changes in
C. elegans, may well be conserved in other organisms.
Accumulating evidence suggests that the ER is a central
organelle that senses and coordinates cellular responses toCell Metabolism 9, 440–448, May 6, 2009 ª2009 Elsevier Inc. 445
Cell Metabolism
Link between ER Proteins and Energy Homeostasismaintain energy homeostasis. For instance, ER-resident tran-
scription factors such as sterol regulatory element-binding
proteins (SREBPs) play crucial roles in the maintenance of fatty
acid and cholesterol metabolism. When cellular cholesterol
is depleted, SREBP cleavage-activating protein (SCAP) and
insulin-induced gene (Insig), ER-resident proteins, recognize
low levels of cholesterol. They then induce proteolytic cleavage
of SREBPs to stimulate cholesterol biosynthesis and uptake to
maintain a certain level of cellular cholesterol (Anderson, 2003).
The present results also provide strong evidence that the ER
is an important organelle in sensing nutritional status and that
it coordinates whole-body energy homeostasis by regulating
expression of inducible lipases.
In the present study, animals that had fasted for as short as
4 hr exhibited reduced fat content, as shown by Nile red staining.
Although there has been a report that male worms under rela-
tively long-term fasting condition (15 hr) exhibited increased
Nile red staining (Gruninger et al., 2008), the present results are
more consistent with previous reports from other groups that
animals fasting over the short term (even less than 4 hr) exhibited
decreased fat contents and promotion of gene expression for
lipid hydrolysis (McKay et al., 2003; Van Gilst et al., 2005b).
This reduction in fat granule size and numbers upon fasting
was correlated with the ability of the WT animals to show normal
motility during fasting, which is gradually impaired in ire-1 and
hsp-4 mutant animals. The observation that fasting WT animals
were able to actively move around by spending stored fat during
fasting periods, a trait that is defective in ire-1 and hsp-4 mutant
worms due to their inability to hydrolyze stored fat while fasting,
suggests that ire-1/hsp-4-dependent burning of stored fat is
essential for providing an energy source during starvation.
Phylogenic analysis of the FIL-1 and FIL-2 lipases revealed
that these proteins are classified as class II lipases, along with
mammalian ATGL, Drosophila Brummer, and yeasts TGL3,
TGL4, and TGL5. It is interesting to note that lower organisms,
such as yeast and C. elegans, appear to have greater numbers
of lipase genes and, in general, more complex lipid metabolisms
than mammals. Recent studies have reported that C. elegans
has particular lipases for specific physiological roles. For
example, ATGL-1 (C05D11.7) has a role in dauer survival, a
TAG lipase (K04A8.5) in longevity in worms lacking a germline,
a lipase (C09E8.2) in fat storage and lifespan, and a TG lipase
(F01G10.7) in differential regulation of fat storage during dauer
formation (Chen et al., 2009; Jeong et al., 2009; Narbonne and
Roy, 2009; Wang et al., 2008). Thus, it is possible that some
genes related to lipid metabolism in the nematode may have
converged in mammals to adapt to environmental pressures
during evolution.
BiP is a repressor of IRE-1, which dissociates from the BiP
protein upon ER stress and oligomerizes to become activated
(Bertolotti et al., 2000; Okamura et al., 2000). However, the
present genetic evidence suggests that both ire-1 and hsp-4 in
C. elegans are required to hydrolyze stored fat granules during
starvation. Thus, it is very likely that HSP-4 is not a simple
repressor but an IRE-1 cofactor, at least during fasting in C. ele-
gans. This finding is consistent with a recent report that under
physiological glucose levels, activated IRE-1a remained associ-
ated with BiP in the absence of XBP-1 splicing in pancreatic cells
(Lipson et al., 2006).446 Cell Metabolism 9, 440–448, May 6, 2009 ª2009 Elsevier Inc.Because chronic ER stress is closely associated with meta-
bolic disorders, including obesity, insulin resistance, and type 2
diabetes (Eizirik et al., 2008; Ozcan et al., 2004, 2006), abnormal
signals from ER proteins such as IRE-1 and/or HSP-4 might lead
to lipid dysregulation, including hyperlipidemia or lipotoxicity in
higher organisms. Therefore, elucidating the molecular mecha-
nisms by which ER proteins such as IRE-1 and HSP-4 sense
the nutritional status of the organism and modulate lipid metabo-
lism to properly supply energy may provide opportunities for the
discovery of new drug targets against metabolic complications.
EXPERIMENTAL PROCEDURES
Worm Strain and Culture
The WT C. elegans used was Bristol strain N2 (Brenner, 1974). N2 and mutants
were grown at 20C on nematode growth medium (NGM) plates. The ire-1(v33)
and hsp-4(gk514) mutant strains were obtained from Caenorhabditis Genetics
Center (CGC; Minneapolis, MN).
Construction of Transgenic Strains
To examine constitutive fil-1 and fil-2 expression in the intestine, fil-1 and fil-2
cDNAswere fused with the upstream 2 kb promoter of theact-5gene and subcl-
oned into the pPD95.77 vector. The fil-1 cDNA, fil-2 cDNA, and act-5 promoter
fragments were amplified using fil-1 cDNA-1 and fil-1 cDNA-2 primers, fil-2
cDNA-1 and fil-2 cDNA-2 primers, and act-5 pro-1 and act-5 pro-2 primers,
respectively. For expression studies, the promoters and the ORFs of fil-1 and
fil-2 were cloned into GFP reporter plasmids with fil-1 geno-1 and geno-2 and
fil-2 geno-1 and geno-2 primers, respectively.
RNAi Feeding Experiments
The cDNA encoding fil-1 and fil-2 was amplified by PCR from a cDNA library
using fil-1 RNAi-1 and RNAi-2 primers and fil-2 RNAi-1 and RNAi-2 primers,
respectively. Amplified cDNA was cloned into the bacterial expression vector
L4440 (pPD129.36). To generate a double RNAi construct, fil-2 cDNA was
fused into the vector L4440 (pPD129.36), which already bears fil-1 cDNA.
For ire-1, atf-6, xbp-1, hsp-4, and pek-1 RNAi, an RNAi library purchased
from The Medical Research Council (Cambridge, UK) was used. Worms
were bleached to obtain embryos. Synchronized worms were cultured on
RNAi plates until they reached the L4 stage. The efficiency of RNAi was
confirmed by real-time Q-PCR using appropriate PCR primers. The sequence
information for the PCR primers used in this work is available on request.
Nile Red Staining and Fluorescence Intensity Quantification
Nile red powder (N3013; Sigma; Covington, KY) was dissolved in acetone to
500 mg/ml. Nile red stock solution was diluted in 13 PBS to a final concentra-
tion of 0.05 mg/ml as previously described (Ashrafi et al., 2003). Before the
worms were mounted, diluted Nile red solution was added to the top of
NGM plates already seeded with OP50 or RNAi bacteria. Synchronized
embryos were seeded, and their staining phenotypes were examined at the
L4 stage. Nile red fluorescence was visualized using an Axioplan II (Zeiss;
Thornwood, NY) microscope and a Confocal LSM 510 system (Zeiss). Images
were captured using an Axiocam camera equipped with a rhodamine filter
(emission 560–590 nm). All images were captured using identical settings
and exposure times. Openlab software (Improvision, Inc.; Lexington, MA)
was used to quantify the fluorescence intensity of Nile red. Equal regions of
the worm body were selected, and the intensities of staining of granules within
the selected regions were measured three times per worm. More than ten
worms were observed to calculate the mean fluorescence intensity.
Total Triacylglycerol Quantitation Assay
Eggs were prepared as described above and allowed to hatch overnight in M9
buffer to obtain a highly synchronous population of L1-stage animals. Nema-
todes were then shifted to NGM plates covered with E. coli OP50, allowed to
grow to the L4 stage, and subjected to the starvation assay. Nematodes
were then freshly frozen in liquid nitrogen and stored at 80C until further
processing. Approximately 30 mg nematodes were weighed and ground in
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Extracts were centrifuged for 7 min at 12,0003 g to clear the lysate. Fat
content was determined with a commercially available TG determination kit
(BioVision, Inc.; Mountain View, CA) as previously described (Ristow et al.,
2000) and normalized to the gram wet weight of the animals. For each treat-
ment condition and time point indicated, at least three independently gener-
ated biological samples were obtained, with duplicate preparations of lysates
from each sample and two measurements for every preparation.
Total Free Fatty Acid and Glycerol Quantification Assay
Eggs were prepared and allowed to hatch overnight in M9 buffer to obtain
a highly synchronous population of L1-stage animals. Nematodes were then
shifted to NGM plates covered with E. coli OP50, allowed to grow until the
L4 stage, and subjected to the fasting assay. Nematodes were freshly frozen
in liquid nitrogen and stored at 80C until further processing. Approximately
30 mg nematodes were weighed and ground in a nitrogen-chilled mortar
together with 250 ml frozen phosphate buffer. Extracts were centrifuged for
7 min at 12,0003 g to clear the lysate. Free fatty acid (Roche; Netley, NJ)
and glycerol (Sigma) contents were determined with a commercially available
determination kit as previously described (Ristow et al., 2000) and normalized
to protein content, determined by the bicinchoninic acid BCA method. For
each treatment condition and time point indicated, at least two independently
generated biological samples were obtained, with double preparations of
lysates from each sample and double measurements for every preparation.
Fasting Assay
Bleached worms were prepared as described previously (Van Gilst et al.,
2005a). Synchronized worms were cultured on either NGM plates containing
OP50 bacteria or RNAi plates containing HT115 bacteria to the L4 stage. After
harvesting the worms, they were washed extensively with M9 buffer and
placed onto OP50-free NGM or HT115-free RNAi plates for 12 hr (Van Gilst
et al., 2005a). Worms were collected every 4 hr for Nile red staining and prep-
aration of RNA samples.
Oxygen Consumption Rate Assay
To measure oxygen consumption per minute, synchronized N2, ire-1(v33), and
hsp-4(gk514) worms were cultured in NGM Lite medium to the L4 stage. Half of
the worms were harvested and cultured on empty NGM Lite medium for 8 hr to
prepare fasted samples. Worms were harvested just prior to measurement and
cultured in oxygen-saturated M9 buffer, and oxygen levels were assessed as
described previously (Braeckman et al., 2002), more than five times for each
sample. The oxygen consumption rate was monitored using a Clark-type
electrode sensor, YSI 5300A Oxygen Monitor (YSI Corporation; Yellow
Springs, OH). Protein content was determined by the BCA method and used
to normalize the oxygen consumption rate, which was reported as relative
mmol O2/hr/mg protein.
Motility Test during Starvation and Glucose Rescue Assay
Bristol N2, ire-1(v33), andhsp-4(gk514)worms were synchronized as described
previously (Van Gilst et al., 2005a) and seeded onto NGM Lite plates. After
reaching the L4 stage, worms were harvested with S-basal buffer and washed
extensively to remove OP50 bacteria. Each strain was transferred into a 50 ml
flask with 20 ml S-basal buffer and cultured using a shaking incubator at 20C.
Every 2 hr, 1 ml of culture medium with worms was pipetted into a well of
a 24-well tissue culture dish to assess the bending rate. To measure the motility
of fasted animals, body bends/min of worms in liquid media were counted (Jan-
iesch et al., 2007). To rescue the energy level of fasted worms, D-glucose
powder (G7021; Sigma) was dissolved in S-basal buffer at 100 mM. Glucose
was diluted in S-basal buffer containing 8 hr fasted worms to a final concentra-
tion of 5 mM (Schulz et al., 2007). Eight hour fasted worms were allowed to
refeed with 5 mM glucose for 2–3 hr. Photos were taken using a Sony digital
camera with identical settings, and movement files were captured using the
DIMIS-M optical system (Siwon Optical Technology; Anyang, Korea).
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